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Abstract: Modern extra-dimensional Higgsless scenarios rely on a mass-matching between
fermionic and bosonic KK resonances to evade constraints from precision electroweak mea-
surements. After analyzing all of the Tevatron and LEP bounds on these so-called Cured
Higgsless scenarios, we study their LHC signatures and explore how to identify the mass-
matching mechanism, the key to their viability. We find singly and pair produced fermionic
resonances show up as clean signals with 2 or 4 leptons and 2 hard jets, while neutral and
charged bosonic resonances are visible in the dilepton and leptonic W±Z0 channels, respec-
tively. A measurement of the resonance masses from these channels shows the matching
necessary to achieve S ' 0. Moreover, a large single production of KK-fermion resonances
is a clear indication of compositeness of SM quarks. Discovery reach is below 10 fb−1 of
luminosity for resonances in the 700 GeV range.
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1. Introduction
Tantalizing though it is, the idea that electroweak symmetry could be broken without a
Higgs particle has proven hard to reconcile with data. Such dynamical symmetry breaking
assumes that some non-perturbative effects produce composite scalar states which mix with
the W± and Z0 to give them masses. In technicolor [1, 2], the non-perturbative effects arise
from strong forces analogous to those mediated by the gluons of QCD – in which a phase
transition causes quarks to be confined within pions.
Assuming non-perturbative dynamics brings a major drawback. Extraction of measured
quantities from a top-down approach is often unmanageable. Particularly difficult is the
S-parameter. Estimates of S in technicolor models based on rescaling QCD predict large
and positive values of S [3–5], whereas experiments favor S ' 0. The S parameter is not
directly measured in experiments, but correlated with other pseudo-observables such as the T
parameter. Pushing toward non-zero values of T does afford wiggle in the allowed value of S,
but not nearly enough to accommodate QCD-like values of S. There are several arguments
that the S parameter should naturally be lower in technicolor models which exhibit near-
conformal (’walking’ [6–8]) behavior [9–12]. However as there is no systematic calculation
of S, T in non QCD-like technicolor, precision electroweak compatibility is still the biggest
hurdle facing technicolor.
Naturally achieving T ∼ 0 is on a different footing from S ∼ 0: it can be enforced by
implementing custodial symmetry into any model [13–15]. On the other hand, there is no
known symmetry protecting S. In the absence of a symmetry, traditional non-perturbative
approaches in technicolor have had little to say about the possibility of S ∼ 0. More re-
cently however, holography has provided insight into suppression mechanisms which are not
described in terms of symmetries. In holography, the 4D dynamics is mapped into a five-
dimensional (5D) model. Localization of different fields in an extra dimension is interpreted
in 4D as dynamical effects from the non-perturbative dynamics, where the renormalization
group evolution is encoded into the wave-functions along the extra-dimension.
While 5D models leave open the question of the details leading to these dynamical effects,
they give us a bonus over traditional 4D scenarios. If it is possible to find a localization of fields
in the extra dimension which suppresses some undesirable operators, one can correlate the
localization assumption with some other effects, such as the spectrum and decay rates. While
this technique does not offer insight on the mechanism or dynamics underlying a suppressed
operator, it does allow us to predict the observable consequences. Examples of this idea at
work abound: approaches to describe solutions to the gauge [16] and mass hierarchies [17,18]
and flavor problems [19], have all been addressed in the holographic picture as a consequence
of localization inside the bulk, and not as a consequence of symmetries.
The same holographic approach can be used to achieve S ∼ 0, and this suppression has
important bearing on the spectrum of a theory. Indeed, possible ways to obtain a small S in
5D models involve either a direct modification of the spectrum of spin-1 fields (Holographic
Technicolor [20, 21], or HTC) or a balance of spin-1 versus spin-1/2 particles (Cured Higgs-
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less [22], or CHL). Both proposals predict that the mechanism responsible of S ∼ 0 implies
a mass-matching between Kaluza-Klein (KK) towers of different particles ∗.
As a concrete example, in Figure (1) we show mass-matching at work in the Cured Hig-
gsless scenario. Specifically, we show the mass separation between the first spin-1 resonance
and the first fermionic resonance as a function of the left-handed fermions 5D mass, cL. To
achieve S ∼ 0, this mass parameter must be chosen very close to particular value cL ∼ 1/2 [22],
exactly where the splitting between the fermionic and gauge resonances is smallest. Thus,
requiring S ∼ 0 results in a mass-matching between the mesons (like the ZKK , or techni-rho)
and the baryons (QKK or techni-baryons) of the new strong interactions. The goal of this
paper is to carefully examine the mass-matching mechanism. We study the implications of
mass-mixing on the spectrum and explore how mass-matching may be deciphered from early
LHC data.
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Figure 1: Mass matching at work: the mass of the first ZKK state (red) and the mass of the first
QKK as a function of the 5D (left-handed) fermion mass cL. Only values close to cL ∼ 0.5 agree with
the current value of S.
The setup of this paper is the following: first, we briefly review the basics of 5D Higgsless
models in Section (2). The mass-mixing mechanism, which causes contributions to S to
cancel, is explained is Section (3). In Section (4) we explore the precision electroweak (PEW)
and Tevatron constraints on mass-matched Higgsless scenarios. Several collider signatures of
the mass-matched models are then investigated in Section (5). The three signatures we focus
on are i.) Single production of fermion resonances, which is enhanced by the mass-matching
mechanism, ii.) Neutral KK resonances, specifically the visibility of multiple tiers of ZKK
and its mass matching with the fermion resonance, and iii.) WKK resonances. Finally, in
Section (6), we conclude.
∗4D Technicolor models have borrowed the the insight of the holographic approach to postulate mass-
matching towers of axial and vector resonances [23–25] in the context of ‘walking’ technicolor [26,27].
– 2 –
2. Higgsless model basics
In this section we review the basics of Higgsless models †. The inspiration for Higgless
models comes from the AdS/CFT correspondence [28,29]; the observation that some strongly
interacting systems can be qualitatively described by means of weakly coupled systems in
higher dimensions [30, 31]. Higgsless models are the implementation of this holographic idea
for electroweak symmetry breaking (EWSB) [32–34]. Similar applications of this duality
have been developed for various physical systems, including low-energy QCD [35,36], heavy-
ion physics [37], superconductors [38], superfluidity [39], fractional quantum hall effect [40],
among others.
Strong EW-scale dynamics is a vast metaclass of models, and presumably only a subset
have a holographic descriptions. Although many holographic models are based in AdS space,
e.g. Higgsless, other proposals, such as Holographic Technicolor, use non-AdS geometries.
The starting point of a Higgsless theory is a slice of AdS space; a finite extra-dimension
with coordinate z between two branes z ∈ (`0, `1) with geometry ds2 = `
2
0
z2
(ηµνdxµdxν − dz2).
The brane at `0 corresponds to the cutoff of the theory, while the brane at `1 corresponds
to the scale where conformal (and, as it will turn out, EW symmetry) is broken. To model
the chiral symmetry of the system, we include SU(2)L⊗ SU(2)R ⊗U(1)X gauge fields in the
bulk of the extra dimension. For simplicity we set the 5D gauge couplings of the two SU(2)
symmetries to be equal to g5, while the U(1)X gauge coupling is g˜5.
In addition to the field content, we must specify the boundary conditions for the gauge
fields at z = `0 and z = `1. With that information, one can solve the system by KK
decomposition. The result is a tower of 4D fields with identical quantum numbers but different
masses. The lightest mode is interpreted as the SM particle (in this case, a gauge boson),
while the heavier KK copies are interpreted as resonances. To provide a successful model of
EWSB, the ratio between the W± and Z0 masses must be correct, and a U(1)em symmetry
must remain unbroken at low energy to preserve a massless photon. These conditions can be
met entirely by choosing appropiate boundary conditions [32,33]:
at z = `1 : ∂5(Laµ +R
a
µ) = 0, L
a
µ −Raµ = 0, ∂5Bµ = 0
at z = `0 : ∂5Laµ = 0, R
1,2
µ = 0, ∂5(g5Bµ + g˜5R
3
µ) = 0, g˜5Bµ − g5R3µ = 0 (2.1)
For a given `0, the remaining parameters `1, g5, and g˜5 are set by demanding three con-
straints: the lightest charged state must have mass mW , the lightest (other than the photon)
neutral state must have mass mZ , and the coupling of the (flat) photon to charged fields be
e =
√
4piαem. Imposing these conditions, the only remaining parameter in the gauge boson
profiles is the overall normalization. This remaining coefficient is set by matching the 5D
fermionic zero-mode couplings to the W± and Z0 to the 4D charged current and neutral
†From this point on we will use ‘5D Higgsless’ and ‘Higgsless’ interchangeably. Purely 4D models of EWSB
without a Higgs will be referred to as ‘deconstructed’.
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current couplings:
gSM = g5
∫ `1
`0
`40
z4
φ2fL(z)φW (z)dz, gSM cos θW = g5
∫ `1
`0
`40
z4
φ2fL(z)φL3(z)dz, (2.2)
where gSM , cos θW are the 4D coupling and weak mixing angle. The z-dependent functions
φfL , φW , and φL3 are the extra dimensional profiles of the left-handed SM fermions, the W
±
and W3, respectively. As it involves φfL , this matching necessarily introduces a dependency
on the fermion masses and boundary conditions into the gauge boson normalization.
Having normalized the profiles by matching charged current coupling, rather than by
setting the norm of the profiles to 1, the 4D gauge fields have non-canonical normalization:
− 1
4g25
∫ `1
`0
`0
z
(Lµν)2dz ∼= − 14g24
(g24
g25
∫ `1
`0
`0
z
φW (z)2dz
)
Wµ2W
ν ≡ − 1
4g24
ΠWWWµ2W ν , (2.3)
and ΠWW 6= 1. Because the matching conditions depend on the fermions’ position in the extra
dimension, ΠWW inherits a sensitivity to the fermion profile. For example, the fermions could
simply be affixed to the UV brane, in which case their profile is φf (z) ∼ δ(z − `0). The CFT
interpretation of these fermions is as fundamental states probing the strongly interacting
sector [41]. More realistic, massive fermions must feel the effects of EWSB, thus their profiles
must be spread out into the extra dimension. The parameter which controls the fermion wave
functions is a 5D Dirac mass term:
M ψ¯ ψ . (2.4)
A mass term like (2.4) can be introduced for every SM chiral fermion. The mass parameters
are usually expressed in units of the AdS curvature k ∼ 1`0 , cL,R = ML,R`0, for left and
right-handed fermions, respectively. For cL > 1/2, the left-handed fermion zero-mode is
located near the UV brane `0 and its interpretation from the dual side is a fermion with
a small admixture with the CFT sector. Similarly, left-handed fermions with bulk mass
cL < 1/2 are located near the IR brane, and therefore mix with the CFT substantially ‡.
For the intermediate mass case cL = 1/2, also called a ‘conformal mass’, the coupling of the
elementary fermion to the CFT is marginal. If any of the SM fermions are pushed into the
bulk, we must also extend color SU(3) to a 5D gauge symmetry. KK decomposition on these
fields yields a tower of gluonic excitations GKK,i.
With the above matching scheme, ΠWW ,ΠZZ contain all the effects of the new physics
on the EW sector, and the precision electroweak observables (PEW) can be calculated from
ΠWW ,ΠZZ according to the usual techniques [3–5, 42, 43]. Assuming the fermions to be
localized on the UV brane (z = `0), the result for S to leading order in (log `1/`0)−1 is:
S ∼ 6pi
g24 log `1/`0
, (2.5)
‡For a right-handed fermion cR < −1/2 corresponds to a fundamental fermion, while cR > −1/2 corresponds
to a fermion with a large CFT admixture
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which is positive and typically O(1) [15, 33, 44] – far away from the preferred PEW value
S . 0.1 [45]. On the other hand, if the left-handed fermions were localized near the IR brane
(cL  1/2), as in the original proposal by Randall and Sundrum, the total contributions to
the S parameter would be negative and large [46], again in contradiction with experimental
constraints.
3. The Cure: Mass-Matching
From the equations (2.2, 2.3) we can identify the ingredients which enter into the calculation
of the PEW parameters: the gauge boson profiles, the left-handed fermion profiles and the
geometry where they are computed. The requirements of the electroweak symmetry breaking
boundary conditions do not leave much flexibility in the gauge boson profiles. We can,
however, modify the bulk fermion profile. As mentioned earlier, changing the fermion profiles
means altering the bulk fermion masses, cL and cR. The estimate of S in (2.5) assumed UV
located left-handed fermions, or cL  1/2. This is an obvious starting point for the light
quarks, as it describes fundamental fermions interacting with, but external to, a strong near-
conformal sector. The smaller cL is, the more the left-handed fermions are pushed into the
bulk of the extra dimension, and the more the SM quarks become an admixture of elementary
quarks and baryonic bound states of the new strong interaction.
One can use light fermion compositeness to suppress contributions to the S parameter.
To see why this is the case, let us first argue in the case of unbroken electroweak symmetry.
With EWSB shut off, zero-mode, massless gauge bosons are flat in the bulk, and they are
orthogonal to their KK excitations. By setting cL ∼ 1/2, the profile of the zero-mode fermion
current φ¯fLγ
µφfL(z) is also flat, and therefore the fermion current is also orthogonal to the KK
spin-1 resonances. By tuning the fermions such that they decouple from the KK gauge bosons,
there are no new, tree-level contributions to the electroweak sector, and therefore S ∼= 0. Once
EWSB-effects are included, the KK gauge boson profiles are no longer perfectly flat. We can
still tune the fermion profiles to cause a cancellation in S, however the cancellation will now
occur with a cL value slightly different from 1/2. Ideally, one would hope for a symmetry to
enforce cL ∼ 1/2. Unfortunately no such symmetry has been found, so cL ∼ 1/2 and thus
S ∼= 0 can only be achieved via tuning.
Within the experimental uncertainty on the PEW parameters, a range of cL values is
permitted for a given value of the UV cutoff. The value of cL which leads to |S| < 0.5 is
shown below in Fig. 2. In Fig. 3 and 4 we plot the same region of cL and l0, overlying the
values of resonance mass WKK and their couplings to the light fermions, respectively. The
numbers quoted in Fig. 4 are κ = gWKKfLfL/gSM , the ratio of SM fermion coupling to first
charged KK mode versus the SM W± boson. The zero-mode fermion coupling to the neutral
KK resonances has a similar size, though the exact value depends on the fermion’s charge
and hypercharge.
Notice that varying the UV cutoff has little effect on S, so the same narrow range of cL
values is allowed over a wide range of `0. On the other hand, the value of `0 does control the
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Figure 2: |S| < 0.5 region vs.
cL and `0.
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Figure 3: Masses with |S| <
0.5 and |T | < 0.3
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Figure 4: Couplings with
|S| < 0.5 and |T | < 0.3
separation between the W and WKK masses, see center Fig. 3. The T parameter constraint
|T | < 0.3 is responsible for cutting off the rightmost two figures at log(`0) 6 −6, MWKK >
600 GeV. Stronger bounds on T will push up the resonance masses even further. For example,
T < 0.1 implies the WKK mass should be heavier than 730 GeV. Similarly, lowering the bound
on S squeezes the allowed cL region even narrower. Figures 3-4 have been generated assuming
massless zero-mode fermions. Masses for the first and second generation quarks and leptons,
the only fermions which play a role in the extraction of S, T, etc., are negligible and do not
modify our results substantially.
Once the values of cL and l0 are set to achieve a desired S, the value of the charged
current coupling of W is fixed by Eq. (2.3). As we have chosen to match the 5D theory to the
4D theory through the charged current coupling, two consequences follow. First, the triboson
coupling W+W−Z0, which is determined by the overlap of the φW− , φW+ and φZ profiles, is
not necessarily equal to is SM value, gSM cos θW – so we must check that there are no large
anomalous triboson couplings. Second, the simplest choice for the right-handed fermion mass
terms cR = −cL – left and right-handed fermions localized in the same position of the extra
dimension – leads to unacceptable values for the right-hand quark couplings to the Z0 boson.
Both of these consequences can be dealt with without changing the mass-matching. In the
region bounded by S and T , we find all anomalous trilinear couplings are small and LEP
bounds [45] do not reduce the parameter space any further. Also, there is enough freedom in
the cR choice to avoid constraints from couplings to right-handed fermions, though this does
come at the expense of a loss of universality (different cR for different flavors and generations)
making flavor-constraints non-trivial [22].
The left-handed fermion cL value clearly has ramifications on the mass of the fermionic
KK excitations. This can be seen in Fig. 1: whenever cL ∼ 1/2, the mass of the KK fermions
and KK gauge bosons are nearly equal. The observability of the mass-matched spectrum and
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its consequences in the resonance couplings, a ‘smoking-gun’ signal for the Cured Higgsless
class of models, will be our focus for the rest of this paper. One final observation which will
have important phenomenological implications later on is that the couplings of the KK gauge
bosons to the SM fermions in the allowed S window is small but non-zero, due to EWSB
effects.
A similar mass-matching occurs if one chooses to alter the geometry of the extra dimen-
sion, rather than the fermion profiles – a scenario known as Holographic Technicolor. In this
case, the mass-matching occurs between two different spin-1 particles, the vector and axial
combinations of the SU(2)L and SU(2)R KK gauge bosons, rather than between particles of
different spin. The reason S ∼= 0 in Holographic Technicolor can easily be seen by recasting
the definition of S as a sum over narrow resonances:
S = 4pi
∑
i
( F 2V i
M2V i
− F
2
Ai
M2Ai
)
, (3.1)
where i runs over all resonances. Clearly, the more degenerate the vector and axial resonances
are, the smaller S becomes §. It is interesting that, despite the differences in how S ∼= 0 is
achieved, both Cured Higgsless and Holographic Technicolor rely on mass-matched spectra.
The signatures of Holographic Technicolor, both at low and high luminosity, were explored
in Ref. [48, 49].
Another interesting fact about mass-mathing is it allows one to distinguish between
the continuum 5D Higgsless models and the current (4D) deconstructed models with ‘ideal
fermion delocalization’ [50–52]. The current deconstructed models also achieve S ∼ 0 by
fine-tuning the admixture of underlying fermions which composes the SM fermions. However,
where 5D models have the constraint that all fields must feel the same extra dimension,
deconstructed models do not. As a result, although the particular admixture of underlying
fermions composing the SM must be matched to the admixture of underlying gauge bosons
composing the W±, Z, their overall mass scales are not related in a deconstructed model. In
fact, with the flavor implementation of the current models, the fermion mixture orthogonal to
the SM is forced to be much heavier than the extra, massive gauge bosons. Another important
phenomenological distinction is that deconstructed models in Ref. [50–52] do not contain a
KK gluon.
In the next section we briefly explore the remaining parameter constraints on mass-
matched Higgsless scenarios. After honing the parameter space, we then investigate several
distinct signatures of mass-matched models and how they can best be identified.
4. Collider Constraints
Within a mass-matched scenario, the constraint from the S parameter is under control, as
are anomalous triple-gauge-boson couplings. The size of the extra dimension, and therefore
§The deformations from AdS geometry required for a near-degenerate spectrum and small S must be larger
than NDA estimates [47]. Therefore, like Cured Higgsless, Holographic Technicolor achieves small S only
through fine-tuning,
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the allowed KK gauge boson mass, is constrained by the T parameter. However, one may
worry that the bounds on new light resonances from LEP or Tevatron studies are more severe.
Of all direct bounds from LEP and the Tevatron, a search for signatures containing a high
transverse momentum Z0 boson in CDF-II data are the most stringent [53]. Other bounds,
such as compositeness [45, 54], high mass resonances into e+e−, e± ν [55–57] and searches of
resonances into W± Z0 and W+W− [58], turn out to be less restrictive than the high-pT
objects search for our study.
The easiest limit from the high-pT study to apply to our scenario is from the exclusive
channel pp → Z(`+`−) + `′ + /ET , where the leptons are muons or electrons. Within the
Higgsless setup, the primary source of high-pT Z0 bosons in this exclusive channel is the
production of a charged WKK,i which subsequently decays into W±Z0. High-pT Z0s can also
come from the decays of KK quarks, however these decays always involve extra hard jets.
Allowing extra jets into the analysis lets in additional large SM backgrounds, such as Z+jets.
Even with larger SM backgrounds, constraints from high-pT + Z0 + jets may be important,
however the relevant limits cannot be extracted from the only high-pTZ0 +X study we know
about [53].
Restricted to s-channel charged resonance production, the high-pT study sets an upper
bound on the coupling between a KK gauge boson of a given mass and SM (zero-mode)
fermions. We estimated the high-pT constraint by repeating the analysis of [53] on the the
generated signal – albeit with poorer Monte Carlo tools – and requiring fewer than 3 Z0(`+`−)
bosons with pT > 100 GeV after all cuts. The region of allowed coupling from the high-pT
bound, along with the bound on the gauge KK resonance coupling to light fermions from
(S,T ) are shown in Figure 5. In Fig. 5, the coupling of the first and second tier of resonances
are denoted as fractions of the SM SU(2)W coupling: κ1 · gSM and κ2 · gSM , and we place
limits on κ. We see that the strongest bounds come from indirect (S and T ) constraints
except when the resonances are lighter than 620 GeV.
Two conclusions are to be drawn from these plot: 1) Bounds still allow for sizable cou-
plings to light fermions, therefore s-channel production of charged and neutral KK gauge
boson resonance is their dominant production mechanism, 2.) The second tier of resonances
have a stronger coupling to light fermions than the first tier.
Finally, the third generation in Cured Higgsless models must be treated specially due to
the large top quark mass. To get an acceptable top quark mass, the 3rd generation quarks
must be localized closer to the IR and are therefore more strongly coupled to WKK . While
direct bounds of resonance decays to third generation quarks, W ′ → t b are not severe [59],
there is a tension between realistic top mass and accurately measured Zb¯LbL couplings [45].
One possible solution is to change the representation of the third quark generation under
the bulk gauge group [60]. Embedding the left-handed (tL, bL) doublet within a (2, 2) of
SU(2)L ⊗ SU(2)R, one immediate consequence is an extra fermion, X. The X fermion is
colored, has elctromagnetic charge +53 , and a very interesting phenomenology of its own.
The solution of Ref. [60] has been implemented in several other EWSB scenarios, such as
Little Higgs [61] and Composite Higgs scenarios [62, 63]. Some work has already been done
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Figure 5: Combined S, T constraints (solid
line) and the Tevatron bound from high-pT
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Figure 6: The couplings of left-handed zero-
mode fermions to the first (solid line) and sec-
ond (dashed line) KK charged gauge boson
resonances as a function of `0 for the same
points as the left-hand plot
to characterize the phenomenology of this new fermionic sector [64–66]. As the peculiarities
of the third generation are not essential for solving the S parameter problem with Higgless
models we will not discuss it in this paper.
A subset of the resulting spectrum for a Cured Higgsless scenario with cL = 0.446, `0 =
10−8 GeV−1 – a point which complies with all precision electroweak and LEP/Tevatron
constraints – is shown below in Fig. 7. The complete parameter specifications are deferred to
Appendix (A). Most of the KK resonances have comparable masses, for example MUKK ∼
Figure 7: Masses of the first KK modes in a Cured Higgsless scenario with cL = 0.446, `0 =
10−8 GeV−1. The cR of the first and second generation fermions have been chosen to reproduce
the SM right handed fermion couplings to the Z0, and the third generation quarks have been imple-
mented using the alternative SU(2)L ⊗ SU(2)R representation suggested in Ref. [60]. The full set of
parameters for this point can be found in Appendix (A).
MZKK,1 ∼MGKK , where GKK is the KK excitation of the gluon and ZKK,1 is the KK photon.
The KK excitations from the third generation quarks are split from their first and second
– 9 –
generation fellows because the localization of the zero-mode is not flat, but peaked towards
the IR to accommodate the top mass.
5. Identifying the Mass-Matching mechanism
Having solidified the acceptable range of parameters in mass-matched Higgsless models, we
now move on to identifying and discussing the disctinct features of these models and how
they will manifest in LHC observables.
The most obvious feature is the matching in the spectrum of baryons (KK fermions)
and mesons (KK gauge bosons), however mass-matching has other phenomenological reper-
cussions. In the original warped Higgsless scenarios, light fermions are located near the UV
brane and are therefore mostly elementary. Gauge boson KK resonances (or composites) are
localized near the IR brane. As there is little overlap, the coupling between light fermions
and resonances is small. More concretely, the coupling is approximately suppressed by
λl,h2 ∼
(
l0
l1
)2cL−1
. (5.1)
where λl,h2 is the trilinear among one light fermions and two heavy states and cL  1/2
for an elementary left-handed fermion. On the other hand, mass-matching occurs when the
fermion zero-modes are almost flat in the extra-dimension and their overlap with two KK
resonances is just suppressed by a volume factor. This results in a non-negligible coupling,
λl,h2 ∼
1
log
(
l0
l1
) . (5.2)
To demonstrate this effect, in Fig. 8 we plot the KK fermion-KK gluon-light fermion
coupling versus the value of S. Negative values of S occur when the light fermions are fully
composite [46] (left-hand side of Fig. 8), while elementary light fermions (right-hand side of
Fig. 8) correspond to a large and positive value for S [67]. The results from LEP indicate
one should live very precisely in between – where SM fermions are an admixture of composite
and elementary [22] and λ ∼ O(1). Thus, assuming some degree of compositeness in the
light fermions is concurrent with a large trilinear coupling among light fermions and two KK
resonances.
Using the coupling in Fig. 8 we can compute the partonic cross section to singly produce
a UL,KK in a pp collision. We use the approximation of massless fermions, compute using
the CTEQ5L [68] parton distribution functions, and take
√
s = 14 TeV. The partonic cross
section, shown in Fig. 9 above, clearly follows the same trend as the KK fermion - KK gluon
- zero-mode fermion coupling; the cross section at S ' 0 is nearly two orders of magnitude
larger than when the fermions are mostly fundamental (cL  1/2, S  0). However, the
behavior of the cross section is slightly more complicated than what is depicted in Fig. 9.
When cL is exactly 1/2, the KK fermion - KK gluon - zero-mode fermion coupling is large, but
the coupling of the KK gluon to two zero-mode fermions vanishes by the same orthogonality
– 10 –
-2 -1 0 1 2 30.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
S
g f fKK GKK
Figure 8: KK fermion coupling to KK gluon
and light fermion as a function of the value of
S. The shaded region indicates |S| < 0.5.
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Figure 9: Partonic cross section for pp →
j+UL,KK at center of mass energy 10 TeV as
a function of S.
argument given in section 3. Therefore, if the cancellation in S required cL = 1/2, then the
single KK fermion signal would be hopelessly small. However, the W/Z wave functions are
not quite flat because of EWSB, so cL slightly less than 1/2 are preferred, and we recover a
large single-UKK rate. As we go to smaller `0, the resonances become heavier and EWSB has
a smaller effect on the wave functions. This moves the preferred cL region closer to 1/2. For
such heavy resonances it is therefore possible to have mass matching without a large single
KK fermion cross section. Such an unlucky scenario would still have mass-matching, it would
just be harder to find.
Summarizing, identifying the mass-matching mechanism relies on specifying two charac-
teristic features
1. A mass degeneracy between the gauge boson resonances and the fermionic resonances.
We will extract the value of the neutral gauge boson KK (MZKK ) via in the dilepton
channel pp→ ZKK,i → `+`−. To find the mass of the fermion KK, we explore the clean
pair production channel pp→ QKK QKK → 4`+ 2 jet channel.
2. Large trilinear couplings among gluon and fermion KK resonances and light fermions.
Single and pair production of the KK fermion will be the cleanest channels to probe
this coupling.
5.1 Simulation basics
To more thoroughly investigate the above concepts, we choose a point in the CHL parameter
space consistent with existing bounds and explore its phenomenology. The point we choose
is exactly the one depicted in Figure 7. The 5D Lagrangian parameters which generate this
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point are displayed in Table 5.3.
`0 = 10−8 GeV−1, cL = 0.446,
c`R = −0.68, cqR1 = cqR2 = −0.6
cqL3 = 0.26, cbR3 = −0.73, ctR3 = −0.42, (5.3)
and the masses of the KK states corresponding to these parameters are given in Appendix (A).
These particular parameters were chosen following the strategy mentioned in section 3. For
the third generation, which plays no role in this paper except through its influence on reso-
nance widths, the cL,R parameters are exactly those in Ref. [64]. We chose this point as a
benchmark as it has rather low-mass resonances, an essential feature of the Higgsless mech-
anism of perturbative WLWL → WLWL unitarization. As the resonances become heavier,
they become more strongly interacting and the Higgsless paradigm becomes indistinguishable
from a traditional technicolor model.
To analyze the collider signatures at this and similar points, we used the following soft-
ware tools: We generated the events at the parton level with the Monte Carlo generator
MadGraphV4.4 [69] with a center of mass energy of 14 TeV. For the processes we are looking
at, the change from 14 TeV to 10 TeV results in a reduction of about a factor of 2. We
used BRIDGE [70] for particle decays, PYTHIAv6.4 [71] to include showering-hadronization
effects and PGSv4 [72] to estimate detector effects. All of the events were generated with the
following basic, parton-level cuts:
• leptons with |η| < 2.5, pT >10 GeV and parton level isolation cuts ∆R`` >0.4, ∆R`j >0.4
• jets with |η| < 2.5, pT >15 GeV and isolation cuts ∆Rjj >0.4
To parameterize the detector response, the PGS parameters provided in pgs card ATLAS.dat
were used.
5.2 Single production fermion KK: the 2 `+ 2 jet channel
Haven chosen a benchmark point, the first signal we investigate is the single production of a
KK fermion with a light jet. Single fermion KK resonances are produced predominantly by
a exchange of a KK gluon as depicted in Fig. 10. The total cross section is proportional to
σtot ∝ λ2l,h2 λ2l2,h (5.4)
where λl1(2),h2(1) is the trilinear among one (two) light fermions and two (one) heavy states.
As explained in Section 5, in usual warped models those trilinears would be very suppressed,
whereas the mass-matching mechanism relies on a partly-composite quark, and therefore
sizable λ. To probe those couplings λ we looked at the process shown in Fig. 10 where QKK
denotes first and second generation KK quarks,
QKK = UKK , DKK , SKK , CKK . (5.5)
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Figure 10: Single production KK fermion di-
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Figure 11: Single production invariant mass
reconstruction in the 2 ` + 2 j channel.
Since single production requires an initial state quark, the contribution from the third gen-
eration quark KK states (including the X) is negligible. Similarly, due to the larger u and d
parton distribution functions, the first generation KK states completely dominate the signal.
Because the mass of the KK gluon is so close to the mass of the KK quark, decays
QKK → GKK + jet are kinematically suppressed. As a result, the KK quarks are quite
narrow and decay predominantly into W± + jet or Z0 + jet. Of the subsequent W±, Z0
decays, the leptonic Z0 decays are the cleanest and have the highest potential for discovery,
thus the final state we consider is 2` + 2 light jets, where ` = e, µ.
The Standard Model backgrounds to this process are primarily 1.) leptonic t t¯ + jets,
2.) W± Z0+jets and 3.) Z(`+`−) + jets. To reduce the sizable background, we impose the
following cuts on the reconstructed events:
1. n` = 2, same-flavor, opposite sign leptons and m`` = mZ ± 20 GeV
2. nj > 2, where pT,2nd j > 100 GeV, HT,j > 800 GeV and mjj < 45 GeV or mj,j >125
GeV
3. ∆RZ,j < 2 for the nearest jet
4. /ET < 150 GeV
5. mZ,j > 500 GeV
The t t¯ + jets background is mostly reduced by cut (1.), W± Z0 + jets by cuts (2.) and
(4.), and Z + jets by (2.), (3.) and (5.). After the full set of cuts, the signal is clearly visible
over the background. To estimate the significance for this particular analysis we simply count
the number of signal and background events within a window of approximately twice the
observed resonance mass. Assuming an integrated luminosity of L = 10 fb−1 we obtain a
total background of B = 84 events, signal of S = 217 events, leading to S/
√
B + S = 12.5
and S/B = 2.6. See Appendix B for more details about the analysis.
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From the observed rate (Fig. 11), one can infer the total cross section for pp→ QKK(Zj)+
jet – a lower bound on the total QKK + jet production cross section. While this alone is not
enough to pinpoint the individual λl,h2 or λl2,h, a large value for their product is a strong
indication of light fermion compositeness. By studying the correlation among many channels
or by going to higher precision machines, perhaps the individual λl2,h(λl,h2) can be discerned.
For lighter resonances the background is larger and the signal decay products are less
energetic. However the signal cross section is enhanced, both by phase space and because the
KK-fermion - KK gluon - zero-mode fermion coupling is higher.
5.3 Double production fermion KK: the 4 `+ 2 jet channel
KK fermion resonances can also be produced in pairs, both pp → QKK QKK and pp →
QKK Q¯KK with a large cross section. Unlike single production, pairs of KK quarks can
be produced from initial state gluons, so in principle this channel is sensitive to the third
generation KK states: QKK = UKK , DKK , SKK , CKK , BKK , TKK and X. Being lighter,
the third generation QKK do make up a significant fraction of the s-channel contribution –
roughly a third (5 pb/15 pb) for the point we consider. However, the total pair production
cross section is dominated the t-channel piece. Since the t-channel diagram is sensitive to the
quark distribution functions, the net result is a pair production signal which is predominantly
(∼ 70%) first generation KK quarks (and anti-quarks). Given this bias, in the following we
approximate the complete pair production signal with the pair production of UKK , DKK , U¯KK
and D¯KK alone.
With this simplification, the cleanest signature occurs when both KK quarks decay to
Z(`+`−) + light jet. The result is a clean signature with 4 leptons and 2 hard jets. Processes
with this final state are depicted in Fig. 12. The signal, cleaner than the single production,
Z
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Figure 12: Two competing contributions to
pair production of KK fermions
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Figure 13: Pair production in the 4 ` + 2 j
channel
gives a measurement of the KK-fermion mass but has the disadvantage that to obtain infor-
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mation on the size of λl,h2 , one has to disentagle the universal gluon contribution in Fig. 12.
More specifically, the QKK production in the topmost Feynman diagram proceeds via s-
channel gluon, whose coupling to the QKK pairs is fixed by gauge invariance. Knowing this
coupling, the QKK mass and branching ratios, one can theoretically solve for the t-channel
GKK contribution to the cross section and thereby determine the coupling λl,h2 .
We select the final state of interest by imposing the following cuts:
1. n` = 4, 2 by 2 same-flavor, opposite sign leptons and m`` = mZ ± 20 GeV
2. nj > 2 with pT,j > 100 GeV
3. m` ` j ∈[670,750] GeV
The KK fermion is heavy and its decay products tend to be near each other in ∆R
parameter space. We used this information to reduce combinatorics: we paired a lepton with
the nearest opposite-sign lepton using a ∆R`˜` selection. We followed the same procedure to
pair the lepton-lepton pair with the nearest jet and reconstruct the KK fermion mass. In
Fig. 13 we plot one of the ``j combination reconstruction.
While there are sources of true SM backgrounds for events with 4 leptons+ 4 jets (such
as ZZ/γγ/Zγ + 4 jets), their production cross sections are so low that they are rendered
completely unimportant. Instead, the relevant backgrounds come from large SM processes,
such as W+jets, Z+jets, and QCD, combined with some of the leptons coming from jet-fakes.
Of these fake backgrounds, the largest could potentially be QCD with all four leptons coming
from fakes [73]. Estimating the fake rate with a conservative ( though pT and η independent)
value of 10−4 [74, 75], we can see the requirement of four fake leptons cuts the QCD rate,
initially ∼ 108 pb, down to well below the fb level. Similar fake rates applied to backgrounds
like W±+jets or W±Z0+jets lead to cross sections significantly below the signal.
Another potential source of background is fully leptonic t¯t, where semileptonic decays of
the b quarks can occasionally yield isolated muons. The tt¯+jets background has an initial
cross section of about 1 nb and we estimated the b-jets produce an isolated lepton in about
5 × 10−3. Combining the probability for both b quarks to yield isolated leptons with the
leptonic branching ratio of the W ’s, we estimate a 4 ` + jets cross section of about 10−4 fb
after imposing cuts (1.) and (2.).
In summary, the large mass and the high lepton multiplicity of the QKK signal makes it
essentially background-free. Cutting around the mass peak (670−750 GeV range), the signal
contains 90 events for 10 fb−1 of data, therefore discovery is below 10 fb−1 of data.
5.4 Neutral resonances: multiple tiers and nearby states
While the large KK gluon-SM fermion-KK fermion coupling is an interesting and useful
feature, the strongest indicator of the mass matched scenario is the mass-degeneracy itself.
Having illustrated the best channels for UKK , DKK discovery and mass determination in the
previous sections, we now focus on the cleanest extraction of the ZKK mass – the dilepton
channel.
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Dilepton Z ′−like resonances have been studied extensively in a number of different sce-
narios [76–81], however they have been overlooked as a discovery possibility in mass-matched
models¶. In Ref. [82], mass-matching was assumed to suppress the Drell-Yan signal to the
point that vector-boson-fusion and associated production of KK gauge bosons were the pre-
ferred discovery modes. In 4D discrete models of mass-matching, so-called ‘ideally delocalized’
models [50,52,83], the SM-fermion - neutral KK gauge boson coupling is more strongly sup-
pressed than in the 5D models, so the Drell-Yan production of neutral resonances is essentially
zero. Drell-Yan neutral resonance production in Higgsless-style models has been investigated
in [84–86], however the mass-matched scenario has several distinct features which we point
out here.
For the same signal point as above, we generate the signal for pp→ ZKK,i → `−`+, where
the i indicates we sum over all kinematically allowed neutral KK states. As usual, ` = e, µ.
After applying minimum cut of 500 GeV on the invariant mass of two same-flavor, opposite-
sign leptons, the only significant Standard Model background is pp → Z0/γ∗ → `+`−. The
large invariant mass cut, along with pT cuts for the two leptons, pT > 200 GeV, |η| < 2.5
suppress the background to the point that the signal is easily visible. The invariant mass of
the lepton pair for the signal and background are shown below in Fig. 14.
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Figure 14: Neutral resonance reconstruction in the dilepton channel. The solid curve is the signal and
background, generated together to maintain any interference between them, while the shaded region
is the background alone. A breakdown of the analysis is given in Appendix (B). Left: overview in
the 500-1300 GeV range. Center: close-up to the two lightest ZKK . Right: close-up into the heaviest
resonance. Notice the vertical scale in the rightmost plot is logarithmic and the luminosity is five
times higher than in the other two plots.
There are several features of Fig. 14 which are different from other Z ′ searches. First,
although the signal is clearly visible at low luminosity, the coupling gffZKK is substantially
¶Some preliminary work on this channel was presented in a talk given by Giacomo Cacciapaglia and Guido
Marandella at the Budapest meeting.
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smaller than the SM coupling; typically gffZKK . 0.2×gffZ . Verifying this small, but nonzero
coupling will be necessary to distinguish between mass-matched Higgsless models and other
models with a Z ′. Another important aspect of the neutral gauge boson resonances in the
mass-matched scenario is that they can decay to SM W± bosons – something the Z ′ from a
new U(1) group may not do. Unfortunately the cleanest channel in pp→ ZKK,i →W+W− is
the fully leptonic channel, where the presence of two sources of missing energy (two neutrinos)
makes it impossible to reconstruct the invariant mass.
The two other distinct features of Fig. 14 are more difficult to see; they will require, at
best, more luminosity, and at worst, a linear collider. These features are the presence of two
nearly degenerate resonances at ∼ 700 GeV, and the sign of the second tier of resonances –
the third ZKK at ∼ 1100 GeV. The nearly degenerate resonances are the KK partner of the
Z boson and the KK partner of the photon [87]. For the point we have shown above their
separation is ∼ 15 GeV. At a hadron collider, and assuming the EM resolution encoded by
PGS, such nearby resonances will be difficult to spot.
In the figures above, the low-mass peak is dominated by the more massive ZKK , with
the effects of the lighter resonance hiding as a shoulder. One effect of the nearby resonances
which has been completely left out of this plot is interference between the two resonances.
Because these two resonances share the same final states, at loop-level the propagator matrix
will develop non-zero off-diagonal terms. The effects of these off-diagonal terms has been
investigated analytically in Ref. [88] ‖, and can lead to substantial changes in signal rate and
shape, depending on the mass of the resonances. For the particular point above, these effects
are estimated to be at the few percent level, but for higher masses the effect is O(1), not only
in the total cross section but in the shape of the peaks [88].
The presence of a multiple tiers of resonance is a strong indicator of physics with an
extra-dimensional (or large-NC) description at work. As they are more massive, the higher
tier resonances have more open decay possibilities and thus they tend to be wide; for the
point shown above the tree-level width for the third neutral resonance ZKK,3 is ∼ 90 GeV.
Despite their large mass, the second-tier resonances are actually more strongly coupled to the
zero-mode fermions. A larger coupling means the LHC reach may extend farther than naively
expected. From the rightmost plot in Fig. 14 it appears that these higher-tier resonances will
be visible at the LHC for a wide range of mass-matched Higgsless parameter space, however
discovery requires substantially higher luminosity. Also, as detection of the ZKK,3 involves
isolating a rather small, wide peak over a swiftly falling SM background, our analysis becomes
quite sensitive to the details of detector response (EM resolution, difference between electrons
and muons, etc.). Therefore a dedicated study using more vetted tools is needed to accurately
determine the LHC reach for the ZKK,3 and other higher-tier KK states.
5.5 Charged resonances: 3 `+ /ET
In the previous section, we discussed the determination of the ZKK resonance masses – a
‖Current Monte Carlo programs, being tree level tools, do not include incorporate interference effects for
generic resonances. For the specific case of the multiple Higgses of the MSSM, however, programs do exist [89]
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necessary ingredient to identify mass-matching. For completeness, in this section we present
the discovery of WKK excitations in the fully leptonic W± Z0 channel.
The ZKK and WKK masses differ by few GeV because they form an approximate SU(2)
triplet. This SU(2) symmetry is preserved by the IR brane, and only broken by UV boundary
conditions. KK resonances are rather insensitive to UV breaking, hence the small splitting
[90]. The phenomenology of a WKK in this channel has been considered before, see for
example Refs. [48, 81, 91, 92]. Its phenomenology is also very similar to the ρT of Low-Scale
Technicolor [93,94] or the heavy W ′ is deconstructed Higgsless models [83,95].
The important backgrounds for this process are, W± Z0 → 3` + ν (irreducible), Z0 Z0 →
4` where a lepton is missed, Z0 + bb¯ and tt¯. We selected the events with the following cuts:
1. n` = 3 and look for two opposite-sign same-flavor leptons with invariant mass closest
to the Z0.
2. Reconstruct the neutrino momentum by pairing the remaining lepton with the missing
energy to reconstruct the W . There is a twofold ambiguity which we resolve by asking
for the neutrino solution most collinear with the unpaired lepton.
3. Kinematic cuts: pT,W > 200 GeV, pT,Z > 250 GeV and HT,j < 125 GeV.
The reconstruction of the three leptons and missing energy combination is shown in Fig. 15
below. The peak for WKK is clearly visible – after applying an invariant mass cut of 590 GeV
< mW Z < 820 GeV, there are 84 signal events, 17 background events for a luminosity of 10
fb−1. See Appendix B for more details on the background and signal efficiencies to the cuts.
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Figure 15: Charged resonance reconstruction in the 3 ` + /ET channel.
6. Conclusions
Higgsless models rely on light spin one resonances instead of the Higgs boson in order to
perturbatively unitarize WLWL scattering. As a drawback, light resonances participating
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in EWSB yield appreciable contributions to the S parameter [3, 96]. No known symmetry
protects a model from those dangerous contributions, but the dynamics of some models might
lead to relative cancellations of competing contributions to the S parameter. Such scenarios
can be best described in an extra-dimensional framework.
The Cured Higgsless model is an example of such a proposal. Assuming some tuning,
contributions to S from different sectors in the theory – fermionic and bosonic– balance
each other in S. No symmetry protects these cancellations, but if they are produced by the
dynamics of a strongly-interacting scenario, the hope is that the extra-dimensional description
can predict the concomittant phenomenology. Indeed, we find that the cancellation is realized
as a mass-matching between fermionic and bosonic KK resonances. To achieve this, it is
necessary that the SM light quarks and leptons be partially composite.
Thus, measuring similar masses for KK-quarks and KK-gauge bosons is a hallmark of
the Cured Higgsless scenario. Also, another striking consequence of the compositeness of SM
fermions is a sizable trilinear couplings among KK gluonic resonances and light quarks.
We studied the reach of a benchmark model with resonances in the 700 GeV range. In
that model, fermionic KK resonances decay predominantly to gauge bosons and quarks. We
focused on the cleanest signals, where the KK fermion decays to leptonic Z’s. KK fermions can
be singly or pair produced, leading to 2 `+ 2 j and 4 `+ 2 j final states, respectively. Bosonic
KK resonances form an approximate SU(2) triplet, where neutral and charged resonances
have similar masses. For the neutral resonance we choose the dilepton final state, whereas we
opted for the leptonic W± Z0 for the charged resonance. In both the charged and neutral cases
we considered the s-channel production, which had been overlooked for the Cured Higgsless
scenario but it actually dominates for light resonances.
All of these channels present a discovery within the 10 fb−1 of (
√
s = 14 TeV) data, once
backgrounds are taken into consideration. Comparing the extracted mass of KK fermions and
KK bosons, one can check the mass-matching premise. In addition, measuring a significant
single production of the KK fermion is a clear indication of compositeness in the SM fermions,
a key piece in the Cured Higgsless proposal.
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A. Appendix: Cured Higgsless Parameters
The KK spectrum which results from the 5D parameters in Equation 5.3 is shown in Table
A.
KK Gauge Bosons
GKK 717.5 GeV
WKK,1 699 GeV
WKK,2 1105 GeV
ZKK,1 694 GeV
ZKK,2 717 GeV
ZKK,3 1111 GeV
KK Leptons
EKK,1,2 722 GeV
EKK,3 656 GeV
NKK,1,2 722 GeV
NKK,3 657 GeV
KK Quark
UKK 722 GeV
DKK 722 GeV
CKK 702 GeV
SKK 698 GeV
BKK,1 595 GeV
BKK,2 935 GeV
TKK,1 541 GeV
TKK,2 870 GeV
XKK,1 460 GeV
Table A.1: First KK masses for the parameter set above. The X fermion is the charge + 53 quark
which accompanies the third generation quarks under the charge assignment in [60].
B. Appendix: Simulation details
2 `+ 2 jet channel
The dominant Standard Model backgrounds to this final state are Z(`+`−)+jets, fully leptonic
tt¯, and W/Z+jets. The details of the Monte Carlo simulation of these backgrounds, including
the cross section and the derived efficiency to pass the cuts described in the text are presented
below. Unless otherwise stated, all backgrounds were created using ALPGENv13 [97] with the
default parton distribution functions (CTEQ5L) and renormalization/factorization schemes.
The signal – the point in table (A.1) – was generated in MadGraphv4 using a fixed renormal-
ization/factorization scheme of 700 GeV. For subprocesses with +0 jets through +2 jets we
used the MLM jet-parton matching scheme built into ALPGEN, while the +3+ jets subprocess
is generated inclusively.
The total # events for each process, although only used in the normalization of his-
tograms, has been chosen to roughly correspond with the number of events in L = 10 fb−1.
The quoted  is the efficiency after the cuts described in Section (5.2), combined with the
object identification/reconstruction efficiency of PGS. The last column indicates the number
of signal and background events within a mass window of mZ,j ∈ [660, 780] GeV (numbers
are given only for those backgrounds which were nonzero before the mass window). The last
column was used to calculate the significance quoted in the text.
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Process σ(pb) total # events  total # : # mass peak
(10 fb−1) · σ · 
Z(`+`−) + 0 jets 3946 pb 2.76× 106 0.0 0
Z(`+`−) + 1 jets 1737 pb 1.27× 107 1.8× 10−6 32 1
Z(`+`−) + 2 jets 967 pb 6.43× 106 8.4× 10−5 244 42
Z(`+`−) + 3+ jets 291 pb 2.93× 106 3.0× 10−5 290 38
tt¯+ 0 jets 443 pb 2.25× 107 0 0
tt¯+ 1 jets 750 pb 7.09× 106 0 0
tt¯+ 2 jets 778 pb 4.09× 106 0 0
tt¯+ 3+ jets 254 pb 3.54× 106 5.65× 10−7 ≤ 1 0
WZ + 0 jets 28.1 pb 1.38× 106 0 0
WZ + 1 jets 32.2 pb 1.45× 106 2.75× 10−6 1 0
WZ + 2 jets 28.9 pb 3.44× 105 1.8× 10−5 8 2
WZ + 3+ jets 11 pb 1.22× 105 8.2× 10−5 15 1
Total Background 582 84
Signal 0.322 pb 104 0.091 293 217
Table B.2: Signal and backgrouds to the final state 2` + 2 jet. A final number of events ≤ 1
means at least one event passed the cuts, but after proper normalization the number of events in
L = 10 fb−1 was less than one. For all processes, the following parton-level cuts have been imposed:
for jets: pT > 15 GeV, |η| < 4.0,∆Rjj > 0.4, and for leptons: pT > 10 GeV, |η| < 4.0,∆R``,∆R`−j >
0.4. All backgrounds were generated with ALPGENv13 using default parton distribution sets and
factorization/renormalization scales.
Neutral resonance channel
Here we present the details of the neutral resonance search for the Cured Higgsless point
explored in the text. The dominant SM background in the neutral resonance channel is
Z/γ∗. All other backgrounds are percent level effects, which we neglect here. The spectrum
of the signal point is shown in Section (A).
In order to maintain any interference between the SM and the neutral resonances, we
generated the events for this channel in a slightly different way. First, the signal and
background were generated together using MadGraphv4 and imposing the parton-level cuts
M`+`− > 300 GeV, pT,` > 150 GeV. The combined distributions were then compared with
SM-only distributions, generated using exactly the same cuts and parameters. The cross
sections and efficiencies we get from this procedure are shown below in table (B.3).
Charged resonance channel
Finally, we give the details of the charged KK gauge boson search. The backgrounds we
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Process σ(pb) total # events  total # : # mass peak
(10 fb−1) · σ · 
γ∗/Z(`+`−) 0.59 pb 2× 104 0.184 941 375
CHL + γ∗/Z(`+`−) 0.61 pb 2× 104 0.202 1049 493
Difference 106 118
Table B.3: Signal and background in the neutral resonance channel `+`−. Other than the parton-
level dilepton invariant mass cut and lepton pT cuts, all other simulation inputs are exactly as in Table
(B.2), except MadGraphv4 has been used instead of ALPGEN.
considered are tt¯ + jets, W±Z0 + jets, Z0Z0 + jets and Z0 + b¯b. As before, the second to
last column indicates the number of events after the cuts presented in section (5.5), while
the final column contains the number of events with an additional mass window cut mW,Z ∈
[590, 820] GeV.
Process σ(pb) total # events  total # : # mass peak
(10 fb−1) · σ · 
tt¯+ 0 jets 443 pb 2.25× 107 2.22× 10−7 ≤ 1 0
tt¯+ 1 jets 750 pb 7.09× 106 1.41× 10−7 ≤ 1 0
tt¯+ 2 jets 778 pb 4.09× 106 0 0
tt¯+ 3+ jets 254 pb 3.54× 106 0 0
WZ + 0 jets 28.1 pb 1.38× 106 4.61× 10−5 10 4
WZ + 1 jets 32.2 pb 1.45× 106 5.63× 10−5 13 6
WZ + 2 jets 28.9 pb 3.44× 105 4.06× 10−5 9 4
WZ + 3+ jets 11 pb 1.22× 105 8.19× 10−6 ≤ 1 0
ZZ + 0 jets 10.9 pb 1.70× 106 1.11× 10−5 2 ≤ 1
ZZ + 1 jets 8.7 pb 3.09× 105 1.29× 10−5 2 ≤ 1
ZZ + 2 jets 5.6 pb 5.53× 104 3.62× 10−5 4 2
ZZ + 3+ jets 1.6 pb 1.51× 104 0 0
Z(ν¯ν) + b¯b 24.7 pb 6.30× 105 0 0
Total Background 41 18
Signal 0.029pb 104 0.34 100 85
Table B.4: Backgrounds for the charged KK gauge boson search. Parton level cuts and simulation
inputs are the same as in Table (B.2). A final number of events ≤ 1 means at least one event passed
the cuts, but after proper normalization the number of events in L = 10 fb−1 was less than one.
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